One-dimensional evaluation of Ramjet-mode operation was carried out on a rocket-ramjet combined cycle engine model. For simplicity, instantaneous mixing between the airflow and rocket exhaust, instantaneous heat release, and pressure recovery by a normal-shock wave were assumed. Shock wave location was so decided that the heat release at the injection (heat addition) location was to thermally-choke the combustion gas flow. By changing the injection location, it was shown that a further downstream injection resulted in a further thrust production and a further fuel flow rate requirement for choking, and a lesser specific impulse. Balancing the thrust production and the specific impulse in terms of the launch vehicle acceleration performance should be pursued. The total pressure loss within the engine model was dominated by the shock wave location, not depended on injection location and fuel flow rate, so that having shock wave penetration to further upstream location was beneficial both for thrust production in the engine and at the external nozzle.
Nomenclature

A
: cross-sectional area F, F : thrust, thrust increment Isp : specific impulse Isp : Isp based on thrust increment M : Mach number p, P : static pressure, stagnant pressure q : dynamic pressure X : streamwise location from leading edge : equivalence ratio Subscripts 1 : at engine inlet 2 : at exit of compression part (isolator) 6 : at engine exit NS : at normal shock wave location
Introduction
Combination of a scramjet (supersonic combustion ramjet) flow-pass with embedded rocket engines (the combined system termed as Rocket Based Combined Cycle engine, Ref. 1) are expected to be the most effective propulsion system for booster stage of launch vehicles.
Various operation conditions are required to attain maximum payload for the launch vehicle with the combined cycle engine, i.e., an ejector-jet mode operation at low speed range (M0~3.5) for best initial acceleration with some thrust gain due to air-breathing effects, a ramjet-mode operation (dual-mode combustion in the scramjet flow pass, M3.5~7) with a reduced rocket engine output for acceleration with best specific impulse (Isp), and a scramjet-mode operation (M>7) with rather high rocket engine output for final acceleration with some Isp gains due to air-breathing effects.
The ramjet-mode operation is the key for a high-averaged Isp of the combined cycle engine. In this mode, the supersonic incoming airflow to the combustor will be decelerated to subsonic through a pseudo-shock system supported by thermal choking within the diverging section of the combustor. This deceleration will bring high pressure on the thrust surface of the combustor to attain high thrust level. A further penetration of the shock wave or shock system within the diverging combustor will produce a higher thrust production, however, a too much penetration (i.e., into the inlet section) will bring the engine into unstart condition. Thus, a precise design and control on the shock wave / shock system location is very important in designing the engine flow pass and engine operation control.
In designing a sub-scaled engine model, 2) the fuel injectors were located close to the exit of the engine model so that the thermal choking should occur at the exit of the engine. A constant area section was attached to the downstream of the diverging combustor to ensure the thermal choking in this section, so that acceleration of the flow (accompanying reduction in pressure) due to thermal choking would not reduce the pressure thrust on the thrust surface of the diverging section. This configuration was expected to deliver a very high thrust, however, the engine model testing 3) showed that fuel injection at further upstream location (i.e., within the diverging section) produced a higher thrust level than the designed injection.
In the present study, a one-dimensional analysis was conducted to make a first-order estimation of the injection (i.e., choking) location effects on the engine performance in accordance with the flight condition, to give a guideline for the engine operation design.
Simulation and Calculation Methods
Chemically equilibrium one-dimensional calculations were carried out to survey the effects injection locations on the engine performance.
In this section, the calculation method is described. Table 1 shows the flight condition to be used in the present study. Dynamic pressure of the freestream is 50 kPa. The freestream passes an oblique shock wave from the leading edge of the vehicle, the wedge angle of 5 degrees being assumed. The freestream Mach number was reduced to the value shown in the table, and the dynamic pressure was increased. In the engine tests facility (RamJet engine Test Facility; RJTF, Ref. 4) at the Kakuda Space Center of the Japan Aerospace Exploration Agency, so-called storage air heater system was used to attain Mach 4 and 6 flight conditions, while so-called vitiation air heater was used together with the storage air heater. Thus, the combustion products from the vitiation air heater flow into the engine model.
Freestream conditions
Due to a limitation of the facility's supply capacity, the dynamic pressure of the M8 flow was reduced to half. However, these deviations were omitted in the present study.
Engine model configuration
The engine model was a rectangular one with a length of 3 m, as shown in Fig. 1 . Details will be found in Ref. 3 . The entrance area of the scramjet flow-pass was 0.22 m in width and .020 m in height. The inlet section had a sidewall compression part first to reduce the flow-pass width with 6 degrees wedges at a contraction ratio of 1.2.
After the sidewall compression came the two-staged ramp compression, the first and second-ramp angle being 5.4 degrees and 14 degrees, respectively.
The overall contraction ratio of the inlet section was 4.9. So-called drooped geometry was given to the leading edge portion of the cowl to attain good capture in both high and low airspeed regime.
A constant area isolator, 0.25 m in length, was placed between the inlet and the following combustor section. A twin-chamber rocket combustor was placed beneath the top wall of the isolator, with its throat diameter of 26 mm and nozzle exit diameter of 70 mm.
The rocket chambers were operated with gaseous hydrogen and oxygen, at a chamber pressure of 0.5 MPa and a mixture ratio of 6.0 in the ramjet-mode operation. A large base-area was placed at the exit of the isolator due to the rocket chamber installation, with a flow area expansion ratio of 2.6. In the present study, the flow pass area was normalized with that in the isolator section (A 2 ).
Downstream of the isolator section came the 1.31-m-long diverging combustor section, with top wall (ramp) expansion at an area expansion ratio of 1.54 (from 2.6 A 2 to 4.0 A 2 ).
A 0.3-m-long straight duct (termed as the downstream combustor section) was attached to the diverging section.
Fuel injectors for ramjet combustion were located at 0.72, 0.96, 1.14, and 1.38 m downstream from the onset (1.39 m from the engine model leading edge, the origin of X coordination in the present study) of the combustor section, termed as Div1, Div2, Div3 and DwnC injection, respectively. Room temperature, gaseous hydrogen was injected perpendicular to the walls at sonic speed.
Engine internal flow simulation
To attain one-dimensional airflow state at the entrance of the combustor section, an equilibrium calculation was carried out with an kinetic energy efficiency based on an empirical equation 5) and estimated capture ratio 3) shown in Table 1 . The attained airflow static pressure at M4 condition was 0.68 q 1 , close to the measured value 3) of 0.60 q 1 . The airflow should be mixed with the rocket exhaust plume, and instantaneous and complete mixing was assumed at the entrance of the combustor section. An important issue on the mixing process was estimation of pressure on the base-area, as pressure force on its large area had a sizable effect upon the momentum balance. The easier approach was to set the base-pressure (p b ) equal to the airflow static pressure (p 2 ), however, this approach over-estimated the base pressure. Another approach was to assume imaginary expansions of both the airflow and the rocket plume to the base-pressure, filling the entire cross-section (A 3 ). The obtained base-pressure of 0.22 q 1 was close to the measured value of 0.20 q 1 .
The resulting low base-pressure caused deceleration of the mixed flow, and a high static pressure at the combustor entrance. Note that the residual fuel within the rocket plume was assumed to be inert until the injector location. Figure 2a shows static pressure distributions with both approaches, without injection. The measured wall static pressure distributions on the top wall and cowl wall were also shown in the figure. The 'equal pressure' approach (dashed line in the figure) resulted in a better prediction in the former half of the diverging section in which the mixing was insufficient, while the 'imaginary expansion' approach resulted in a better prediction in the latter half of the diverging section in which the mixing was sufficient.
After the complete mixing, the resulting supersonic flow expanded within the diverging duct, and encountered a normal shock representing the pseudo-shock system observed in the experiment, at a selected location. The subsonic flow, then, was decelerated within the continuing diverging duct. At the selected injector location, fuel was increasingly added until the complete heat release (at chemical equilibrium 6) of 11 combustion species for the air / hydrogen combustion) caused the thermal choking at the injector location, resulting in a rapid acceleration and a sudden decrease in static pressure. After the injector location, the supersonic flow was accelerated through the remaining diverging duct.
In the calculation, the downstream combustor section was omitted to avoid the numerical instability, and the DwnC injector location was set at the exit of the diverging section.
Skin friction and heat transfer were calculated for every grid (10 mm in interval) based on the one-dimensional mean flow states at the inlet of the control-volume, with van Driest method 7) and Reynolds analogy. Figure 2b shows static pressure distribution with both approaches for the base-pressure prediction. The shock location was set at the vicinity of the combustor entrance and the injection was set at the DwnC location, for maximum thrust evaluation. As mentioned above, the 'imaginary expansion' approach resulted in a lower Mach number of the mixed flow, so that pressure recovery through the shock wave was less than that with the 'equal pressure' approach. Both approaches over-predicted the pressure level within the combustor against the experiments, because of the normal shock wave assumption and complete airflow/rocket plume mixing assumption. Thus, the present calculation is to attain a sort of theoretical performance in relation to the injector location. As the 'imaginary expansion' approach gave closer results to the measurement, this approach was used in the following portion of the present study.
The calculated pressure distribution within the engine was integrated to attain thrust force on the engine thrust surface, and the skin friction was subtracted to attain the thrust production within the combustor section. Thrust in case without injection was subtracted to attain 'thrust increment' ( F) due to injection / combustion, and the thrust increment was normalized by the ramjet fuel flow rate to attain specific impulse base on the increment.
Results and Discussions
First, the results for the Mach 4 condition were described, and results for other flight conditions followed. Figure 3a shows static pressure distributions with the shock wave location at the vicinity of the combustor entrance, while the injection location was varied. Variation of the cross-sectional area is also shown in the figure. A further penetration of the shock wave into the isolator section may cause a transition to so-called engine unstart condition, so that this shock location offers best thrust production. The static pressure distribution till the injection location was identical, as the shock wave and following subsonic diffusion dominated the flow behavior. Pressure level after the thermal choking was higher with a further downstream injection location. As a whole, a further downstream injection resulted in a high-pressure level within the combustor section as designed. As will be shown in Figs another. Figure 3b shows static pressure distributions with the DwnC injection location, while the shock wave location was varied (numbers were arbitrary). Though static pressure ratio across a further downstream shock wave was larger due to a higher Mach number of the flow ahead of the shock wave, attained pressure-level within the combustor was lower. This lower pressure-level after the shock wave and the limited extent of pressure-recovered region resulted in significantly lower thrust production. The selections of the most downstream shock wave location, on the other hand, were rather arbitral. As discussed above, for a fixed shock wave location, a further downstream injection location resulted in a lower Mach number of the subsonic flow at the injection location, so that more fuel was required to sustain the thermal choking condition. For a fixed injection location, a further downstream shock wave location resulted in a larger total pressure loss, so that the fuel flow rate to attain thermal choking decreased monotonously. The relations between the shock wave location and the total pressure at the exit of the engine model were also shown in Fig. 4a for various injection locations. The total pressure loss depended mainly on the shock wave location (i.e., a shock wave in a higher Mach number flow resulted in a larger total pressure loss), and the injection location had little effect on the total pressure loss, and thus, the thrust production at the downstream external nozzle. Figure 4b shows the engine performances (i.e., the thrust increment and the specific impulse based on the thrust increment) as the function of the shock wave location for various injection locations. As mentioned above, the thrust increment increased with a further downstream injection. However, the specific impulse decreased, especially when the shock wave was at further upstream location. A higher equivalence ratio was possible at this condition, so that thermal dissociation due to high combustion temperature might cause this decrease in the specific impulse. Balancing the thrust production and the specific impulse in terms of the launch vehicle acceleration performance should be pursued. Specific impulse decreased rapidly with the shock wave location for further upstream location as too limited portion of the diverging duct was covered with a high pressure-rise, so that the thrust production became quite inefficient.
At Mach 4 flight conditions
In the above discussion, the fuel flow rate was not fixed. However, in the real engine operation, the fuel flow rate is the dominant control factor. Thus, the effects of the fuel flow rate on the operation condition were examined below. Figure 5a shows static pressure distributions with a fixed fuel flow rate (0.27 in equivalence ratio) for various injection locations. The fuel flow rate was the maximum value for the Div1 injection, as was shown in Fig. 4a further upstream injection resulted in a higher pressure-level between the shock wave location and the injection location, a longer penetration of the shock wave from the injection location, but a lower pressure level after the thermal choking. The integrated performances were summarized in Fig. 5b as functions of the fuel flow rate. Note that the highest flow rate for each injection location was the limiting value to avoid the unstart transition. For a fixed fuel flow rate, a further upstream injection resulted both in a larger thrust increment and a higher specific impulse. Both thrust increment and specific impulse increased monotonously with the fuel flow rate, however, specific impulse tended to saturate. Figure 6a shows static pressure distributions at the M6 case, with a fixed fuel flow rate.
At Mach 6 flight conditions
The estimated base-pressure also got closer to the airflow static pressure, so that the flow deceleration due to airflow / rocket exhaust mixing observed in the M4 case, was not obvious in this condition. Due to the high incoming flow Mach number to the combustor, the pressure recovery was mainly due to through the shock wave, and the effect of subsonic diffusion was insignificant. Changes in the pressure distribution with the injection location, however, were qualitatively the same as those in the M4 case. Figure 6b shows the relation between the shock wave location and the engine performances for various injection locations. Same as the M4 case, the thrust increment increased with a further downstream injection for a fixed shock wave location near the entrance of the diverging section. The specific impulse increased with a further upstream injection like the M4 case, and the gain in the specific impulse due to the further upstream injection was more evident at the M6 case than that in the Mach 4 case. The variations of the specific impulse with the shock wave location were quite different from those in the M4 case, showing possibility of the optimum shock wave location. This optimum shock wave location differed with the injection location, and like the M4 case, specific impulse decreased rapidly with the shock wave location in rather downstream regime. Figure 6c shows the relation between the fuel flow rate and the engine performances for various injection locations. Note that fuel equivalence ratio of more than unity was required to attain the choking condition even at the most upstream (Div1) injection location at this flight condition.
Like the M4 case, a further upstream injection resulted both in a larger thrust increment and a a) higher specific impulse for a fixed fuel flow rate. Though the thrust increment increased monotonously with the fuel flow rate, it tended to saturate. The optimum condition concerning the specific impulse also appeared in this figure. Though the scarce data made it difficult to quantify, the optimum condition appeared at the fuel equivalence ratio of 2~3, regardless of the injection location. At larger fuel flow rate, mass addition effects on the choking process became more dominant, resulting in a reduction of the specific impulse. Figure 7a shows static pressure distributions at the M8 case, with a fixed fuel flow rate. Deceleration due to airflow / rocket exhaust mixing was not sizable in this condition. The pressure recovery was further dominated by the shock wave, and the effect of subsonic diffusion was almost negligible.
At Mach 8 flight conditions
Changes in the pressure distribution with the injection location, however were qualitatively the same as those in the other cases. Figure 7b shows the relation between the shock wave location and the engine performances for various injection locations. Same as the other cases, the thrust increment increased with a further downstream injection for a fixed shock wave location near the entrance of the diverging section. The specific impulse increased with a further upstream injection like the other cases, however, the variations of the specific impulse with the shock wave location were not apparent, unlike those in the other cases. Figure 7c shows the relation between the fuel flow rate and the engine performances for various injection locations. Like the other cases, a further upstream injection resulted both in a larger thrust increment and a higher specific impulse for a fixed fuel flow rate. Note that a very high equivalence ratio was required to attain choking at the injection location in the M8 case even for most upstream (Div1) location, so that ramjet-mode operation, i.e., attaining choking condition within the combustor section was not realistic, and the engine should be operated at the scramjet-mode at this flight speed.
Conclusions
A quasi-one-dimensional equilibrium analysis was carried out to evaluate ramjet-mode operation of the rocket-ramjet combined cycle engine model. Although the analysis over-estimated the pressure level within the combustor, a qualitative discussion on the effects of injection (i.e., choking) location on the engine performance was conducted, and following conclusions were derived: 1) Fuel flow rate to attain choking increased substantially with the flight Mach number. 2) An injection at further downstream location resulted in a higher fuel flow rate, a larger thrust production, and a lower specific impulse. 3) Total pressure at the engine exit was dominated by the shock location, not by the injection location. 
